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The wastewater industry recognizes signifi cant cost advantages in recycling treated sewage sludge (biosolids) to agricultural land compared with alter-
native, more expensive, disposal options such as landfi ll and 
incineration (Evans et al., 2004). In England, the cost of 
recycling is approximately GBP170 per t of sludge (dry solids, 
GBP1.00 ≈ US$1.32), including fi nance and depreciation. 
Estimates show that landfi ll and incineration are approximately 
30 to 50% more expensive than agricultural recycling (Milieu 
Ltd., WRc, Risk & Policy Analysts Ltd., 2010). Application of 
biosolids to agricultural land is encouraged by current legisla-
tion in Europe, such as the Sewage Sludge Directive 86/278/
EEC, and is considered to be the best practicable environ-
mental option in most circumstances (Council of European 
Communities, 1986; Kelessidis and Stasinakis, 2012). Th e 
European Commission supports this practice provided that the 
biosolids used on agricultural land do not present a risk to the 
environment and potential contaminants, such as heavy met-
als, are not transferred to the food chain (Smith, 2009). Using 
biosolids is regarded as strategically important to the wastewa-
ter industry (Hill, 2005) because agriculture is a potentially 
signifi cant market for them and for biosolids-derived products 
as a potential source of plant nutrients, together with the need 
to avoid costs associated with other disposal routes (Lagae et 
al., 2009; Delin, 2016).
Th e disposal strategy for sewage sludge of a major wastewater 
treatment operator located in the Northwest of England is based 
on a dual approach of recycling to farmland (about 70%) and 
incineration (about 30%) of the total sludge (≈0.25 Tg per year, 
dry solids) they produce. At a national U.K. level, the annual 
production of sludge is approximately 1.5 Tg (dry solids) of 
which 75% is reported to be used on farmland (UKWIR, 2015). 
Th e relatively high reliance on recycling to agriculture requires 
that this disposal route is protected and that current levels of 
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aBstraCt
Field-scale experiments in four crop seasons established the 
agronomic performance of biosolids-derived organomineral 
fertilizers (OMF) for winter wheat (Triticum aestivum L.) pro-
duction in England. Two OMF formulations (OMF10 10:4:4 
and OMF15 15:4:4) were compared with urea and biosolids 
granules (≈5:6:0.2) to determine crop responses and fertilizer 
eff ects on soil chemical properties. Fertilizers were applied at 
N rates between 0 and 250 kg ha–1 at regular increments of 
50 kg ha–1 N. Average grain yields with OMF10 and OMF15
were higher than with biosolids granules, but lower than with 
urea (P < 0.05). Th e optimum N application rates, and corre-
sponding grain yields, were 245 and 7900 kg ha–1 for biosol-
ids, 257 and 9100 kg ha–1 for OMF10, 249 and 9500 kg ha
–1 
for OMF15, and 225 and 10350 kg ha
–1 for urea, respectively. 
Diff erences in grain yield between fertilizer treatments were 
explained by diff erences in yield components, particularly 
number of grains and thousand-grain-weight. Grain-N recover-
ies were 31% for biosolids, ≈40% for OMF, and 52% for urea. 
Organomineral fertilizers-induced changes in soil extractable 
P and soil P Index were not signifi cant. Th us, application of 
OMF replenished P offt  ake by the crop and therefore supported 
the choice of the proposed OMF formulations. By contrast, 
extractable P increased in biosolids and decreased in urea-treated 
soils, respectively. Heavy metals in soil were unaff ected by fertilizer 
treatment and lower than permissible limit values. Th e use of OMF 
for winter wheat production appears to be a sustainable approach to 
recycling biosolids to land.
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Core ideas
•	 Agronomic effi  ciency of organomineral fertilizers higher than 
biosolids granules.
•	 Organomineral fertilizers reduces the risk of soil P build-up 
compared with biosolids.
•	 Conversion of sewage sludge into organomineral fertilizers 
improves the fertilizer value of biosolids.
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biosolids used by farmers are maintained or increased where 
possible. The increased price of mineral fertilizers in recent years 
led an increasing number of farmers to look to organic materi-
als to meet the nutrient requirements of crops and maintain soil 
fertility (Dawson and Hilton, 2011). Benefits from application of 
biosolids to agricultural land are well documented (e.g., Bastian, 
1997; Chambers et al., 2003; Rigby and Smith, 2014). For exam-
ple, recycling of biosolids contributes to close the natural C and 
nutrients cycles, maintain soil fertility and soil organic matter, 
and mitigate the depletion of naturally available, although finite 
resources, such as rock phosphate (Diacono and Montemurro, 
2010; Powlson et al., 2012; Reijnders, 2014). However, in prac-
tice, recycling biosolids to agriculture presents both the waste-
water industry and end-users with several challenges, including: 
land-bank availability in the proximity of wastewater treatment 
works, soil P status and potential P enrichment of surface waters, 
the concentrations and phyto-availability of nutrients in bio-
solids, potential build-up of heavy metals in soil, their uptake 
by crops grown on the soil and subsequent transfer to the food 
chain, and logistics issues such as cost of transport, storage, 
handling and field application (Hogan et al., 2001; Elliott et 
al., 2002; O’Connor et al., 2004; Clarke and Cummins, 2015). 
A concern of routine application of biosolids to soil is that the 
loading rate of P can be higher than that commonly applied 
through mineral fertilizers because of their low N/P ratio (Higgs 
et al., 2000; Pritchard et al., 2010). This can lead to progressive 
build-up of soil P, a problem commonly observed in areas close to 
production sites, where soils frequently have relatively high soil P 
Indices that are above the recommended target index for the soil 
and cropping system (Skinner and Todd, 1998; DEFRA, 2010; 
Antille et al., 2014a, 2014b). Combined effects of the relatively 
low N/P ratio of biosolids (typically less than 1) with soil applica-
tion rates based primarily on crop N requirements (Withers et 
al., 2016) often results in over-application of P relative to crop 
need. Soil application of P at rates exceeding offtake is known 
to raise extractable P levels, particularly in low (e.g., <20%) clay 
content soils (Heming, 2007). Surplus P applied to soils in bio-
solids influences soil P dynamics, and can enhance the adverse 
effects of P in surface water when P is transferred on eroded soil 
(Smith et al., 2006; Withers et al., 2009; Wang et al., 2016). 
Nevertheless, recycling biosolids to agriculture offers scope for 
reduced inputs of mineral fertilizers (Hogan et al., 2001), which 
with increasing prices reduce profit margins to growers (Heffer 
and Prud’homme, 2013). One important possibility that could 
increase the use of biosolids in agriculture would be for the 
wastewater industry to enhance the quality of their products, 
and one way of doing this would be to produce OMF.
organomineral fertilizers
A novel technology reported in earlier studies (Antille, 
2011; Antille et al., 2013c) enables OMF to be produced from 
treated sewage sludge (biosolids). This technique involves 
granulating the biosolids and coating the granules with urea 
(46% N) and muriate of potash (MOP, 60% K2O) to produce 
a compound NPK fertilizer material. This has been tested in 
two formulations with N/P2O5/K2O ratios of 15:4:4 (OMF15) 
and 10:4:4 (OMF10), respectively (Antille, 2011; Antille et 
al., 2013c). Physical characteristics such as particle size, size 
distribution, particle strength, and density were measured to 
enable field application at tramline spacing of 24 m (considered 
to be standard for arable cropping in the United Kingdom) 
using pneumatic or twin-discs fertilizer applicators (Antille 
et al., 2015). Field spreading tests conducted with OMF using 
the transverse tray testing (ASAE Standards, 1999) showed 
satisfactory results in terms of uniformity of distribution both 
longitudinally (direction of travel) and transversally (treated 
swath) (Antille et al., 2015).
A key aspect of this combined agronomic and engineering 
technology is that consistent fertilizer materials can be pro-
duced from sludge by adjusting N/P/K ratios to suit specific 
requirements for crop and soil. This removes some of the limi-
tations commonly encountered with using biosolids, including: 
variable chemical composition, and inadequate physical proper-
ties for optimal spreading (Sommers et al., 1976; Landry et al., 
2006, 2011), with potential to improve nutrient recovery in 
crop and overall fertilizer value, ease of handling, and efficient 
field application.
The work reported here extends earlier studies by Antille 
et al. (2013b, 2014a) conducted at glasshouse- and field-scales 
on the value of biosolids-derived OMF as amendments for 
perennial ryegrass (Lolium perenne L.), which showed satisfac-
tory agronomic and environmental performance of OMF, and 
suggested that such products could be used to extend the use of 
biosolids on arable land. Consequently, the study reported here 
assessed the agronomic efficiency and determined the feasibil-
ity of using OMF on economically important arable crops, such 
as winter wheat, grown in the Northwest of England.
objectives
The objectives of this study were to: (i) investigate grain 
yield, yield components, and yield-to-fertilizer response rela-
tionships of winter wheat as affected by soil application of 
biosolids-derived OMF, urea, and biosolids granules, (ii) derive 
the optimum N application rate for OMF and urea based on 
the above yield-to-N responses, (iii) investigate the effects 
of OMF on N uptake and nitrogen use efficiency (NUE) in 
winter wheat crops, and (iv) investigate changes in soil fertility 
properties and selected heavy metals in soil as affected by OMF 
application. It was hypothesized that: (i) the agronomic per-
formance of crops fertilized with OMF would be significantly 
higher than that of biosolids granules but lower than urea, 
and (ii) soil application of OMF would not induce significant 
changes in soil chemistry, particularly soil extractable P and K. 
The results of this 4-yr study were used to produce practical 
recommendations for winter-sown cereals in England.
Materials and Methods
experimental sites
The study was conducted at Cranfield University at Silsoe 
(52°00¢19² N, 0°25¢36² W), located in Bedfordshire, UK. Two 
experimental sites, referred to as Avenue and Chippies fields, were 
established in October 2006 and October 2008, respectively. Each 
site consisted of 60 5 by 2 m plots, which were georeferenced to 
facilitate re-positioning in subsequent years or after pre-plant tillage 
operations in fall. The dimensions of plots were selected to enable 
mechanical harvest with a plot combine harvester (Deutz-Fahr 
M660) equipped with a 2-m wide cutter bar and a system for bag-
ging grain from individual plots. Avenue field had been set-a-side 
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in 2004–2005 and cultivated to oilseed rape (Brassica napus L.) in 
the 2005–2006 season (grain yield: 2950 kg ha–1, N application 
rate: 200 kg ha–1). Chippies field had grown winter wheat in 2006–
2007 (grain yield: 9100 kg ha–1, N application rate: 210 kg ha–1) 
and oilseed rape in 2007–2008 (grain yield: 2900 kg ha–1, N 
application rate: 200 kg ha–1). At both sites, ammonium nitrate 
(34% N) had been applied to the previous crops.
The soils at both sites are described in King (1969) as Cottenham 
series sandy loam, which are well drained and have a gentle slope 
(<1%). This soil is similar to that frequently occurring in the 
Northwest region of England (Ragg et al., 1984), the operating 
area of the wastewater treatment operator on whose behalf the 
experiments were done. Soil textural analyses (British Standard, 
1990) for the bulked 0- to 200-mm layer were: 67% sand, 13% 
clay, and 20% silt for Avenue field, and 79% sand, 11% clay, 
and 10% silt for Chippies field, respectively. Soil bulk density 
(1.34 g cm–3, Antille et al., 2013a) was representative for this depth 
of this soil series. Moisture content at field capacity (0.05 bar, Hall 
et al., 1977) was 26.6 and 23.4% (w w–1) for Avenue and Chippies 
fields, respectively. Rainfall and temperature records for Silsoe are 
shown in Fig. 1. The mean annual rainfall for 2006 to 2010 was 
564 mm, which was similar to historic records (1971–2000), but 
with relatively higher inter-annual variation. Rainfall in April to 
June 2010 (70 mm) was half that in 2009 (153 mm), which had 
implications for fertilizer-N availability, N uptake, and crop yield 
potential. Similar soils in Bedfordshire remain at or above field 
capacity from around 10 December to 25 March, but usually not 
later than 20 April. Mean soil moisture deficits of up to 80 and 
100 mm typically occur in June and July, respectively (Smith and 
Trafford, 1976). Air temperatures during the course of the experi-
ment were slightly above the historic average (Fig. 1).
experimental design and Crop establishment
Winter wheat was established in 2006–2007 (first crop) and 
2007–2008 (second crop) in Avenue field, and in 2008–2009 
(first crop) and 2009–2010 (second crop) in Chippies field, respec-
tively. A summary of the crops established and records of fertilizer 
applications are in Table 1. The wheat was always sown between 
the second and third week of October at 150 kg seeds ha–1 with 
standard agronomic practice; except for the fertilizer application, 
which was dependent on fertilizer treatment. The wheat varieties 
were Claire in Avenue field and Nijinsky in Chippies field, both 
classified as soft endosperm and National Association of British 
and Irish Flour Millers (NABIM) Group 3.
Two OMF, namely: OMF10 (10:4:4) and OMF15 (15:4:4) 
as granules, were compared with urea (46:0:0) and (thermally 
dried) biosolids granules (≈5:6:0.2), the N content of all four was 
total N. The average total C content (± SD, n = 4) was 27.7% ± 
5.96 (OMF15), 26.8% ± 5.75 (OMF10), and 31.3% ± 6.73 (bio-
solids granules); additional specifications are reported in Antille 
Fig.	1.	Rainfall	and	temperature	records	for	Cranfield	University	at	Silsoe,	U.K.	(after	Cranfield	University,	2010).
Table	1.	Crop	establishment	and	timing	of	fertilizer	applications	conducted	at	the	experimental	sites.	Crop	growth	stages	are	based	on	
Tottman	et	al.	(1979).	UAN	is	urea-ammonium	nitrate	(30%	N,	solution).
Site Crop	(season) Fertilizer	application Crop	growth	stage
Avenue	field First	wheat	(2006–2007) 27	March	2007,	UAN	(100	kg	ha–1	N)† 24–25:	main	shoot	+	4–5	tillers
First	wheat	(2006–2007) 17	May	2007‡ 36–37:	sixth	node	to	flag	leaf	just	visible
Second	wheat	(2007–2008) 3	April	2008§ 25–26:	main	shoot	+	5–6	tillers
Chippies	field First	wheat	(2008–2009) 24	March	2009§ 23–24:	main	shoot	+	3–4	tillers
Second	wheat	(2009–2010) 24	March	2010§ 21–22:	main	shoot	+	1–2	tillers
†	First	N	application.	
‡	Second	N	application.	
§	Full	N	rate	(single	application).
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et al. (2013c, 2015). Fertilizers were hand-applied at N rates from 
0 (control) to 250 kg ha–1 at regular increments of 50 kg ha–1 N, 
which was the range and incremental rates of N used by Welsh 
et al. (2003) at Cranfield University to develop strategies for 
spatially variable N application in wheat. No N was applied in 
buffer areas between experimental plots. A sludge granulation 
machine was designed and constructed to produce the granules 
(United Utilities Group PLC, 2007 in Antille, 2011), but regret-
tably this was not fully operational until late April 2007, which 
delayed production and subsequent delivery of the granular 
materials for that year. Consequently, it was decided to apply 
100 kg ha–1 N, as urea-ammonium nitrate (UAN, 30% N, solu-
tion) on 27 Mar. 2007 to all plots except the controls to ensure 
that the wheat continued to grow satisfactorily. Subsequently, all 
fertilizer treatments were applied on 17 May 2007 (Table 1), later 
than the recommended practice, which is based on the growth 
stage of the crop (Tottman et al., 1979; DEFRA, 2010). This 
approach ensured that OMF- and biosolids-treated plots received 
the designated P and K rates, and that potential effects on soil 
chemistry associated with these treatments could be investigated 
in subsequent years. Yields from the 2006–2007 experiment 
enabled useful practical recommendations to be developed, as 
discussed later. For the second wheat crop in Avenue field, and 
both crops in Chippies field, fertilizers were applied in a single 
dressing to all plots and within the recommended time window 
for the crop growth stage (DEFRA, 2010).
The experiment was laid-out in a completely randomized design 
with three replicated plots (n = 3), with the exception of controls 
(zero-fertilizer) and the plots treated with 250 kg ha–1 N, which 
were replicated four (n = 4) and two (n = 2) times, respectively. 
This arrangement allowed the experiment to be sited with mini-
mum interference from the surrounding commercial crop.
Crop Measurements and analyses
Grain yield was determined by harvesting the entire plot area 
and expressed as kg ha–1 at 14% (w/w) based on the moisture 
content at harvest. Total aboveground biomass was determined 
by cutting a 0.5 m2–quadrate sample of the crop at approxi-
mately 20 mm above the soil surface prior to mechanical 
harvest. These samples were used to determine the following 
yield components: harvest index, the ratio grain weight-to-total 
aboveground biomass, based on the sample collected from the 
quadrate (Donald and Hamblin, 1976); thousand grain weight 
(TGW) (MAFF, 1986, Method No.: 73); and number of ears 
per square meter (ears m–2). Total N in grain (MAFF, 1986, 
Method No.: 48) was determined only on samples taken from 
the first and second wheat crops in Avenue field, and was used 
to estimate apparent N recovery in grain by the difference 
method, and hence NUE. Differences in yield between fertil-
ized and non-fertilized crops, relative to N applied as fertilizer, 
were used to denote agronomic efficiency (AE), which was 
determined for all four crops. These relationships are shown in 
Eq. [1] and [2], respectively (after Baligar et al., 2001):
F F=0
RATE
-
NUE = ×100
N
U U
  [1]
F F=0
RATE
-
AE =
N
Y Y
 [2]
where NUE is nitrogen use efficiency (%) based on apparent 
N recovery in grain, UF and UF = 0 are N recoveries in grain 
(kg ha–1 N) from fertilized- and non-fertilized (control) crops, 
respectively, and NRATE is N application rate (kg ha
–1). AE is 
agronomic efficiency (kg kg–1), YF and YF = 0 are grain yields 
(kg ha–1) corresponding to fertilized- and non-fertilized (con-
trol) crops, respectively.
Yield-to-N response relationships were examined by apply-
ing nonlinear regression analyses, and by fitting quadratic 
functions (Eq. [3]) to the data (Abraham and Rao, 1966). The 
approach described here (Eq. [4]–[8]) is from studies (James 
and Godwin, 2003; Kachanoski, 2009) dealing with cereal 
Table	2.	Soil	chemical	analyses	conducted	prior	to	the	establishment	of	experimental	plots	at	Cranfield	University	at	Silsoe	(Bedfordshire,	
UK).	The	standard	deviation	(SD)	is	shown	as	±	the	mean	value	(n	=	3),	except	when	not	shown	(n	=	1).	Sampling	depth	is	200	mm.	
Analytical	procedures	and	sampling	depth	are	equivalent	to	those	used	in	routine	soil	analyses	during	the	course	of	the	experimental	
work	(2006–2010).
Determination/Site Avenue	field	(February	2007) Chippies	field	(March	2009) Analytical	method
Total	C,	%,	w	w–1 1.60	±	0.07 1.51	±	0.01 British	Standard	(1995a).
Total	N,	%,	w	w–1 			0.15	±	<0.01 			0.13	±	<0.01 British	Standard	(2001).
Total	P,	mg	kg–1 1208.1	±	106.7 1028.6	±	326.4 British	Standard	(1998).
Soil	pH 7.11	±	0.04 7.09	±	0.04 MAFF	(1986),	Method	no.:	32.
SOM,	%,	w	w–1 3.87	±	0.05 3.43	±	0.12 MAFF	(1986),	Method	no.:	56.
Soil	mineral	N,	mg	kg–1 1.33	±	0.07 3.90	±	1.32 MAFF	(1986),	Method	no.:	53.
Extractable	P,	mg	kg–1 68.3	±	0.33 61.4	±	0.72 Olsen	et	al.	(1954),	British	Standard	(1995b).
Soil	P	Index† 5 5 DEFRA	(2010).
Extractable	K,	mg	kg–1 211.7	±	1.44 203.5	±	12.40 MAFF	(1986),	Method	no.:	63.
Soil	K	Index† 3 3 DEFRA	(2010).
Cd,	µg	kg–1 167.0	±	3.1 – British	Standard	(1998).
Cu,	µg	kg–1 14.0	±	0.6 – British	Standard	(1998).
Zn,	µg	kg–1 49.0	±	3.5 – British	Standard	(1998).
Pb,	µg	kg–1 19.8	±	2.4 – British	Standard	(1998).
†	Soil	P	Index	5	equates	to	Olsen	P	range	71–100	mg	L–1,	and	soil	K	Index	3	equates	to	ammonium	nitrate	extractable	K	range	241	to	400	mg	L–1 
(DEFRA,	2010).	SOM	is	soil	organic	matter,	(–)	not	measured.
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crop responses to applied N fertilizer, and assumes a quadratic-
plateau relationship, as follows:
y = a + bx – cx2  [3]
where a, b, and c are regression coefficients, x is N application 
rate, and y is grain yield. The lowest N application rate at which 
the maximum yield is obtained is derived by equating the first 
order differential to zero (Eq. [4] and [5]):
0′= - =2dy b cx
dx
  [4]
Therefore,
′ =
2
bx
c
 [5]
where x' is the (lowest) N application rate at which the maxi-
mum yield (YMAX) is obtained, and where x ≤ x'. The N rate 
corresponding to x' will be referred to as NMAX. Subsequently, 
the most economic rate of nitrogen (MERN) is obtained when 
the differential is equated to the price ratio (PR), as follows:
b – 2cx’ = PR [6]
and,
N
R
G
=
PP
P  [7]
Therefore,
-
= RMERN
2
b P
c
  [8]
where PR is price ratio, PN is price of N fertilizer (GBP kg–1), 
PG is price of grain (GBP kg–1), and MERN is the most 
economic rate of N application (kg ha–1) for a given price ratio 
PR. Price ratio and MERN calculations were based on PN and 
PG for the corresponding year of harvest based on data from 
Nix (2010). Price ratio is equivalent to the breakeven ratio and 
indicates the extra return of the grain that just covers the extra 
unit of N added. At this point, the economic return from the 
N applied as fertilizer is maximized. This analysis uses PN 
equivalent to the average price of urea N paid by U.K. farmers 
in the corresponding cropping season. For biosolids, PN is zero 
because the material can be sourced from wastewater operators 
at no cost to farmers. Therefore, biosolids’ MERN and YMERN 
are equivalent to NMAX and YMAX, respectively.
soil Chemistry
Data for soil chemical analyses on samples taken initially 
denote baseline levels and are shown in Table 2. Subsequently, 
soil sampling and analyses on all plots determined fertilizer-
induced changes on selected properties (Table 3). In Avenue 
field, the experimental plots were maintained for two more 
years following harvest of the second wheat crop in September 
2008. The site was fallowed in during winter 2008–2009 and 
then ryegrass was sown on 30 Mar. 2009 (Antille et al., 2013b). 
The same fertilizer treatments to those used on the wheat were 
applied to the grass in the springs of 2009 and 2010, and yields 
were measured until the experiment was terminated in August 
2010. This allowed fertilizer treatment × crops interaction 
effects on soil chemical properties to be measured over 4 yr and 
related to a wider range of weather conditions. Results on the 
agronomic response of ryegrass to OMF are in Antille et al. 
(2013b, 2014a).
Soil P Index > 2 usually indicates that soil P levels are sat-
isfactory for most arable crops and grass grown on medium-
textured soils (DEFRA, 2010), and therefore application of 
P-based fertilizer may not be required. Because of the risk 
of transfer of P to water courses, mainly in eroded soil, it is 
generally recommended that soils are not raised to more than 
P Index 3. Levels much higher than this are not uncommon 
in areas near-sludge production sites because of application 
Table	3.	Description	of	soil	chemical	analyses	conducted	routinely	at	the	experimental	sites,	(†):	Avenue	field,	and	(‡):	Chippies	fields	
(Cranfield	University	at	Silsoe,	UK).	Analytical	methods	and	sampling	depth	are	equivalent	to	those	reported	in	Table	2.	For	all	fertilizer	
treatments	use	n	=	3,	except	controls	(n	=	4)	and	plots	treated	with	250	kg	ha–1	N	(n	=	2).
Determination Timing	of	sampling	and	analysis
Total	N	in	soil Post-harvest	of	second	wheat:	2007–2008†,	2009–2010‡
End	of	the	experiment	(grass,	2010)†
Soil	mineral	N Annually,	before	fertilizer	application†,‡
Annually,	post-harvest	of	first	and	second	wheat†,‡
Annually,	after	last	cut	of	grass	(2009,	2010)†
Extractable	P,	soil	P	Index Post-harvest	of	second	wheat:	2007–2008†,	2009–2010‡
End	of	experiment	(grass,	2010)†
Extractable	K,	soil	K	Index§ Post-harvest	of	second	wheat:	2007–2008†
End	of	experiment	(grass,	2010)†
Soil	pH,	SOM Post-harvest	of	second	wheat:	2007–2008†,	2009–2010‡
End	of	experiment	(grass,	2010)†
Heavy	metals	in	soil:	Cd,	Cu,	Zn,	Pb¶ Post-harvest	of	second	wheat:	2007–2008†
End	of	experiment	(grass,	2010)†
†	Avenue	field.
‡	Chippies	field.
§	Sampling	and	analyses	performed	on	control	(zero-fertilizer)	plots,	and	plots	treated	with	field	equivalent	rates	of	150	and	250	kg	ha–1	N.
¶	Sampling	and	analyses	performed	on	control	(zero-fertilizer)	plots,	and	plots	treated	with	field	equivalent	rates	of	150	and	250	kg	ha–1	N.
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of sewage sludge over many years (Skinner and Todd, 1998; 
Oliver et al., 2006). Thus, this reduces the land-bank available 
for recycling. The proposed OMF formulations were designed 
to enable their regular application without increasing the risk 
of soil P build-up due to the higher N/P ratio than that found 
in biosolids (Antille, 2011; Antille et al., 2013c). Furthermore, 
OMF was added to already high P soil to test the efficacy of P 
release to replenish the pool that is utilized by the crop so that 
P level is maintained. The main purpose of this approach was to 
ensure that recycling could be continued on the existing land-
bank, and at an affordable cost to the wastewater industry. In 
the longer term, this would also ensure that soil P levels within 
intensively managed arable land would not fall below criti-
cal levels for soil and crop, due to omission of P fertilization 
(Johnston et al., 2013). Long-term omission of P fertilization 
in such land may run-down plant-available P below threshold 
levels, which has adverse effects on yield and NUE (Poulton et 
al., 2013; Johnston et al., 2016).
Soil K Index 3 also denotes a satisfactory K level for wheat 
production on medium-textured soils (DEFRA, 2010). 
Enhanced uptake of soil K was expected in plots treated 
with relatively high N rates (e.g., ≥150 kg ha–1 N) and on 
urea-treated plots, because of the positive N × K interaction 
(Aulakh and Malhi, 2005) leading to a faster depletion of soil 
extractable K. A similar effect was to be expected in biosolids-
treated soil because of the low content of K in biosolids 
granules, but to lesser extent than with urea owing to low N 
availability in biosolids (Antille et al., 2014c). Hence, monitor-
ing of soil K status focused only on changes in soil extractable 
K in control plots and plots treated with 150 and 250 kg ha–1 
N. It was hypothesized that addition of K as OMF would 
mitigate run-down of soil extractable K to a greater extent than 
urea or biosolids granules alone.
Although the focus of this work was not on the impact of 
sludge-derived products on heavy metals in soil (e.g., Dudka 
and Miller, 1999), there was a need to determine potential 
cumulative effects associated with the use of OMF. Soil pH 
and the heavy metal content in the soils were measured at the 
sites prior to the experiment (Table 2), together with their 
amount in all four fertilizer materials (Antille et al., 2013c). 
Subsequently, heavy metal content was only measured in soil in 
Avenue field both after harvest of the second wheat and at the 
end of the 4 yr before the experiment was stopped.
statistical analyses
Statistical analyses for crop and soil data used GenStat 
Release 16th Edition (VSN International Ltd., 2013), and 
involved ANOVA and repeated measurement of ANOVA, 
respectively. The least significant differences (LSD) were used 
to compare means with a probability level of 5%. Statistical 
analyses were graphically assessed by means of residual plots 
and normalization of data was not required. Yield-to-N 
responses were investigated by means of nonlinear (quadratic) 
regression analyses. Linear (simple) responses were also tested 
and results are discussed. Linear regression analyses were 
applied to examine the relationships between crop yield com-
ponents and grain N with N application rate, respectively. 
Nonlinear regression analyses were used to describe NUE-
to-N application rate responses, from which NUE and AE Fig
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corresponding to MERN were derived. Analytical values are 
reported as the mean ± standard deviation (SD).
results
grain yield and fertilizer response
Yield-to-N responses are shown in Fig. 2 and 3 for the crops 
grown in Avenue and Chippies fields, respectively. Equations 
describing these relationships are given in Table 4. Differences 
in grain yield between control and treatments were always 
significant (P < 0.001). In Fig. 2a differences between fertilizer 
treatments were not significant, and there was no interaction 
between fertilizer type and N application rate (P > 0.05). The 
lack of statistical differences in grain yield in 2006–2007 was 
attributed to the blanket application of N as UAN as the first 
application (growth stage 24–25) as well as the timing of the 
second application (growth stage 36–37). The second N applica-
tion should have been conducted at early stem extension (growth 
stage 30–31) or approximately 2 to 3 wk after the first application.
Nitrogen applied to the second wheat crop in Avenue field 
(2007–2008) was slightly delayed due to low temperatures and 
snow recorded at the site in late March 2008 (Fig. 1). There 
were significant fertilizer type and N application rate effects 
on grain yield (P < 0.001). The fertilizer type effect was mainly 
due to differences between urea and biosolids granules, which 
produced significantly higher and lower grain yields, respec-
tively, than the two OMF products. OMF10 produced rela-
tively higher yields than OMF15 across all N application rates 
(Fig. 2b), which may be explained by poorer physical quality of 
OMF15 (particle size and size distribution). Particle size analy-
ses were conducted and reported the following mean diameters 
(± SD): 2.72 ± 7.06 mm and 3.10 ± 1.98 mm for OMF15 and 
OMF10, respectively (P < 0.05). OMF15 had approximately 
15% (by weight) of particles smaller than 1 mm in diameter 
compared with 3% (by weight) in OMF10. Similar differences 
between the two materials were observed for particles larger 
than 5.50 mm in diameter. Optimum particle size range for 
OMF is 1.10 to 5.50 mm in diameter with about 80% (by 
weight) between 2.50 and 4.10 mm in diameter, respectively 
(Antille et al., 2015). Failure to achieve this optimum range is 
likely to result in non-uniform spreading, particle segregation, 
and poor fertilizer use efficiency.
The first wheat crop in Chippies field (2008–2009) showed 
significant N application rate, fertilizer type, and interaction 
fertilizer type × N application rate effects on grain yield (P < 
0.05). For a given N rate, grain yield tended to be larger when 
the N concentration in the fertilizer material was higher, par-
ticularly the readily available N fraction. For the OMF used in 
2008–2009 there was no variation in particle size, which there-
fore supports the fertilizer-N concentration effect on yield. 
Mean grain yield with biosolids granules alone was approxi-
mately 5 and 17% lower than OMF10 and OMF15, and 23% 
lower than urea (P < 0.05), respectively (Table 4).
The second wheat crop (2009–2010) in Chippies field 
showed similar responses to those seen in the first crop (2008–
2009), despite consistently lower yields observed across the 
entire range of N application rates. Overall, differences in grain 
yield were significant with respect to the N application rate and 
fertilizer type (P < 0.001), but there was no fertilizer type × N 
application rate effect (P = 0.13). Fig
.	3
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For all crops, the regression analyses showed that yield-to-N 
responses were significant (P < 0.001) when a quadratic model 
was fitted to the data (Table 4). For the second wheat crops, 
the estimates of parameters for the square term in biosolids, 
OMF10 and OMF15 did not show significance (P > 0.05). By 
eliminating the quadratic term from the model and convert-
ing it to linear, and subsequently re-running the analysis, the 
response remained significant for both the model and the 
linear term. Therefore, the yield-to-N response (second wheat) 
for biosolids, OMF10 and OMF15 could be also explained by 
linear functions. This linear response was not observed for urea 
because the square term of the quadratic model was always 
significant (P < 0.05). Despite this, quadratic functions may be 
justified as all responses produced acceptable fits (R2 > 0.60) 
with all fertilizer materials. This appears to be a fair justifica-
tion based on the work of Sparrow (1979). Quadratic models 
provide a more satisfactory biological description of the yield-
to-N response, and therefore may be used despite of non-statis-
tical significance of the quadratic term (Shaohua et al., 1999).
Table 5 shows MERN and YMERN calculations derived 
from the yield-to-N responses reported in Table 4, and the 
corresponding price ratios (PR) for the year of harvest. The 
higher PR in 2008 reflects a faster increase in fertilizer N price 
relative to grain price. Prices (GBP kg–1) increased from 0.42 
in 2007 to 1.04 in 2008 for fertilizer N, and from 0.10 to 0.12 
for wheat (feed), respectively (Nix, 2010). Overall differences 
in YMERN or MERN between-fertilizers were not significant 
(P > 0.05). However, if YMERN for 2006–2007 is removed 
Table	4.	Mean	grain	yield	and	equations	describing	the	yield-to-nitrogen	response	relationships	recorded	for	Avenue	and	Chippies	fields	
from	2006–2007	to	2009–2010.	Different	letters	indicate	that	mean	values	are	significantly	different	at	a	95%	confidence	interval.	The	
standard	deviation	(SD)	is	shown	as	±	the	mean	value.	SE	is	standard	error.	For	mean	values	use	n	=	4	(control),	n	=	14	(treatments).
Treatment Mean	yield† Response P SE R2
kg	ha–1
Avenue	field 2006–2007
			Control 6,332a	±	252 – – – –
			Biosolids	granules 10,325b	±	654 y	=	6326	+	37.4x	–	0.08x2 <0.001 524 0.90
			OMF10 10,367b	±	749 y	=	6437	+	26.9x	–	0.04x
2 <0.001 692 0.84
			OMF15 10,498b	±	961 y	=	6366	+	31.2x	–	0.05x
2 <0.001 886 0.78
			Urea 10,751b	±	724 y	=	6456	+	35.7x	–	0.07x2 <0.001 913 0.91
Avenue	field 2007–2008
			Control 3,145a	±	544 – – – –
			Biosolids	granules 5,869b	±	1575 y	=	2876	+	30.1x	–	0.05x2 <0.001 929 0.73
			OMF10 7,477c,d	±	1192 y	=	3827	+	42.7x	–	0.1x
2 <0.001 1273 0.60
			OMF15 7,010c	±	1106 y	=	3384	+	36x	–	0.07x
2 <0.001 1082 0.68
			Urea 8,126d	±	1790 y	=	3087	+	56.9x	–	0.12x2 <0.001 787 0.90
Chippies	field 2008–2009
			Control 4,796a	±	352 – – – –
			Biosolids	granules 8,931b	±	1226 y	=	5102	+	50.8x	–	0.14x2 <0.001 1068 0.71
			OMF10 9,247b	±	1223 y	=	5055	+	44.8 x	–	0.09x
2 <0.001 559 0.93
			OMF15 10,416c	±	2524 y	=	4212	+	71.9x	–	0.16x
2 <0.001 975 0.91
			Urea 10,980c	±	2426 y	=	4701	+	70x	–	0.15x2 <0.001 1252 0.85
Chippies	field 2009–2010
			Control 1,011a	±	394 – – – –
			Biosolids	granules 2,911b	±	964 y	=	849	+	21.8x	–	0.04x2 <0.001 518 0.80
			OMF10 4,169c	±	1605 y	=	960	+	28.4x	–	0.03x
2 <0.001 916 0.77
			OMF15 4,489d	±	1609 y	=	956	+	31.7x	–	0.04x
2 <0.001 659 0.89
			Urea 5,939e	±	1669 y	=	1145	+	48.1x	–	0.08x2 <0.001 474 0.96
†	Mean	values	over	the	range	of	N	application	rates	used	in	these	experiments,	except	for	controls	(zero-fertilizer).	Compare	mean	values	between-
fertilizer	treatments,	and	within	year	and	site.	
Table	5.	Most	economic	rate	of	nitrogen	(MERN)	and	corresponding	grain	yield	(YMERN)	derived	from	the	yield-to-N	responses	reported	
in	Table	4.	PR	is	price	ratio,	SD	is	standard	deviation.
Fertilizer
Crop	season PR
Biosolids† OMF10 OMF15 Urea
NMAX YMAX MERN YMERN MERN YMERN MERN YMERN
kg	kg–1 –––––––––––––––––––––––––––––––––––––––––––––––––––––––		kg	ha–1	––––––––––––––––––––––––––––––––––––––––– –––––––––––––––––––––––
2006–2007 4.28 236 10,734 274 10,707 248 10,765 227 10,992
2007–2008 8.22 302 7,418 166 8,052 190 7,591 198 9,525
2008–2009 4.63 182 9,716 222 10,542 213 12,372 220 12,925
2009–2010 4.92 267 3,761 368 7,083 342 7,222 257 7,947
Overall	mean – 247 7,908 257 9,096 249 9,488 226 10,347
SD – 51.1 3,092.4 85.7 1810.3 67.1 2,495.7 24.4 2,121.1
†	For	biosolids	granules	values	of	MERN	and	YMERN	equate	to	NMAX	and	YMAX,	respectively,	as	defined	in	Eq.	[5].
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from the dataset, differences become significant at a 10% 
probability level, which is due to lower YMERN in biosolids 
compared with the other treatments. Maximum yield (YMAX) 
of all four crops varied significantly from year to year due to 
both fertilizer type and seasonal variation in weather, particu-
larly rainfall. Greater variability in YMAX was observed with 
biosolids (SD = 3092 kg ha–1) compared with OMF or urea 
(SD ≤ 2280 kg ha–1). Mean values of YMAX (kg ha–1) were: 
7908 (biosolids), 9226 (OMF10), 9614 (OMF15), and 10425 
(urea), respectively.
yield Components
Thousand grain weight showed significant differences 
between fertilizer treatments, except for the first wheat crop in 
Avenue field (2006–2007), and therefore was consistent with 
grain yield data. Differences in TGW were also significant 
between control (39.4 ± 5.13 g) and treatments (42.8 ± 4.41 g) 
in all crops (P < 0.05). There was a positive, although nonsig-
nificant linear relationship (TGW = 40.02 + 0.012 NRate, 
R2 = 0.30, P = 0.26, SE = 3.76) between TGW and N applica-
tion rate, which suggests a stronger number of grains × N rate 
effect on grain yield. Number of ears per m2 increased with 
increasing N application rate (Ears m–2 = 396.8 + 0.47 NRate, 
R2 = 0.51, P = 0.002, SE = 46.4), which reflects a greater sen-
sitivity of grain yield to changes in number of grains (Fischer, 
2008). A fertilizer type effect on ears per m2 (urea > OMF > 
biosolids, P < 0.05) was observed in all crops with the excep-
tion of the first wheat in Avenue field (2006–2007), possibly 
due to the blanket application of N in early spring. Overall, 
mean TGW increased in the order: biosolids (40.8 ± 4.70 g), 
OMF10 (41.4 ± 4.61 g), OMF15 (42.8 ± 3.70 g), and urea 
(43.9 ± 3.89 g), respectively. There was a fertilizer type effect 
(P < 0.05) on total aboveground biomass (TB). Mean TB 
increased in the order: control (8765 ± 4788 kg), biosolids 
(12,069 ± 4896 kg), OMF10 (14638 ± 4769 kg), OMF15 
(15,442 ± 5363 kg), and urea (16176 ± 4808 kg), respectively. 
Total aboveground biomass increased with increasing N appli-
cation rate (TB = 9864 + 30.7 NRate, R2 = 0.63, P = 0.025, 
SE = 4512). Differences in harvest indices between control 
(51.5 ± 4.71%) and treatments (54.5 ± 4.13%) were also signifi-
cant in all crops (P < 0.05). There was a fertilizer type effect on 
harvest index (P < 0.05), but this was not observed in the first 
season (2006–2007). Harvest indices were generally higher at 
increasing N application rates (P = 0.04), except in the 2009–
2010 crop (P > 0.05) due to drier conditions recorded in spring 
that year, and were also higher in first (52.2–57.4%) compared 
with second wheat crops (46.5–50.7%). Changes in TB due 
to fertilizer treatment were concurrent with changes in grain 
yield, and therefore harvest indices were not affected.
Nitrogen Uptake and Nitrogen Use Efficiency
Overall differences in NUE between-fertilizer types were sig-
nificant (P < 0.05), and generally decreased in the order: urea > 
OMF15 ≥ OMF10 > biosolids granules, respectively (Fig. 4). This 
suggested that N recovery in grain was affected by the concentra-
tion of (available) N in the fertilizer material. In the first crop, 
NUE was approximately 0.90 and 0.83 × NUE urea for OMF 
and biosolids, respectively, averaged over the range of N applica-
tion rates. In the second crop, these values were 0.77 and 0.54 × Fig
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NUE urea for OMF and biosolids, respectively. Smaller differ-
ences in NUE between treatments in the first season (2006–
2007) are attributed to the blanket fertilizer application (UAN 
at 100 kg ha–1 N) conducted in that crop.
Differences in NUE between treatments due to N uptake 
were also explained by both fertilizer effect on yield and total 
N in grain, as shown in Fig. 5 (P < 0.05). Total N in grain aver-
aged across all crops were: 1.31 ± 0.02% (control), 1.52 ± 0.22% 
(biosolids), 1.57 ± 0.16 (OMF10), 1.60 ± 0.19% (OMF15), and 
1.64 ± 0.18% (urea), respectively (LSD 5% level: 0.04). There 
was a positive (linear) relationship between grain-N and N 
application rate (Ngrain, % = 1.26 + 0.002 NRate, R2 = 0.72, 
P < 0.001, SE = 0.1). This relationship may explain relatively 
lower grain-N contents in second (1.45 ± 0.13%) compared 
with first (1.71 ± 0.11%) wheat crops, which received the blan-
ket application of N using UAN as noted earlier.
Agronomic efficiency (AE) was significantly different 
between fertilizer types (P < 0.05), with the exception of the 
first wheat crop in Avenue field (P > 0.05), and there was a 
similar trend to NUE (Fig. 6). Differences between OMF10 
and OMF15 were relatively small, except in 2008–2009, which 
were about 20% on average over the N application rates used in 
these experiments. Based on responses shown in Fig. 4 and 7, 
if fertilizers were to be applied at N rates equivalent to MERN 
(Table 5), average N recoveries and agronomic efficiencies 
would be approximately: 31% and 16 kg kg–1 (biosolids), 40% 
and 21 kg kg–1 (OMF10), 41% and 25 kg kg
–1 (OMF15), and 
52% and 29 kg kg–1 (urea), respectively, which are significantly 
different at a 10% probability level.
soil Chemistry
Total nitrogen (TN) in soil increased by about 10% in fer-
tilizer-treated plots compared with controls (P < 0.05) in both 
experiments. After 2 yr of growing wheat, TN in the control 
plots changed little (P > 0.05), but differences were significant 
in Avenue field after the two extra years of growing grass (P < 
0.05). In Avenue field, there were also significant fertilizer type, 
N application rate, and fertilizer × N rate effects on TN in soil 
(P < 0.05). Total N in soil was highest in biosolids- and lowest 
in urea-treated plots (Fig. 7a). When the experiment was ter-
minated in 2010, TN levels in soil were similar in control and 
treatments (P > 0.05). This was attributed to an overall increase 
in soil organic matter (SOM) contents after the 2 yr growing 
grass. Despite this, there was a fertilizer type effect on TN in 
soil (P < 0.05) at the end of the grass phase, which was due to 
differences (≈8%) between biosolids- and urea-treated plots, 
respectively. Fertilizer type effects were not seen (P > 0.05) 
in Chippies field after 2 yr of wheat (Fig. 7b). Total N in soil 
increased linearly within the range of N application rates used 
at both sites (R2 ≥ 0.70, P < 0.05).
In Avenue field, soil mineral nitrogen (SMN) levels before 
fertilizer application or residual SMN post-harvest were not 
affected by fertilizer type or rate (P > 0.05). The SMN values 
were consistently lower (P < 0.05) during the grass phase com-
pared with the previous years under wheat. In this experiment, 
mean SMN levels were relatively low across all treatments and 
years, and did not exceed 8 mg kg–1 (≈20 kg ha–1 N) in the 0- to 
200-mm soil depth. In Chippies field, there was a fertilizer type 
effect (P = 0.03) on SMN after wheat, but treatment differences Fig
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were larger after the second crop. This effect was attributed to 
residual SMN associated with reduced N uptake under dry 
conditions in spring 2010, and was consistent with use-efficiency 
calculations, particularly in urea- and OMF-treated plots applied 
at ≥200 kg ha–1 N. Mean SMN values in those treatments were 
between 18 and 25 mg kg–1 (≈45 65 kg ha–1 N) compared to 
less than 7 mg kg–1 (≈18 kg ha–1 N) in control and biosolids-
treated soils, respectively.
Soil P Indices were unchanged throughout both experi-
ments. In Avenue field there was a fertilizer-type effect (P < 
0.05), which was due to a small build-up of soil extractable P 
in biosolids-treated plots within the range of values for the P 
Index (Fig. 8A). Soil extractable P remained close to constant 
in OMF-treated plots, but it showed a small decrease with urea 
compared with pre-experiment levels. In Chippies field, relative 
changes in soil extractable P between fertilizer treatments were 
not significant (P > 0.05) (Fig. 8B).
In Avenue field, there was a fertilizer-type effect (P < 0.05) 
on soil extractable K levels after 4 yr (Fig. 9). During the 2 yr 
of wheat, soil extractable K levels changed little in biosolids- 
and urea-treated soils, but increased where OMF was applied 
compared with pre-experiment levels. Soil K Index remained 
unchanged at a value of 3 in all treatments, which was the 
index recorded prior to the experiment. This was possibly due 
to straw incorporation through cultivation following harvest 
of wheat crops and subsequent release of K to the soil (Lupwayi 
et al., 2006). Soil extractable K decreased significantly (P < 
0.05) from K Index 3 to 2+ in fertilized plots after 2 yr of grass. 
There was an N rate effect on soil extractable K levels (P < 
0.05) when grass was grown on OMF- and urea-treated plots 
fertilized at 250 kg ha–1 N, in which soil K levels decreased to 
greater extent than on controls and with biosolids, respectively.
Overall, there were no significant differences (P > 0.05) in 
heavy metals in soil between control and treatments (Fig. 10). 
Although small, changes in Pb due to fertilizer rate were sig-
nificant in plots treated with 250 kg ha–1 N, and the effect was 
only observed after 4 yr (P < 0.05). Mean values of total Pb 
for control and treatments (N = 250 kg ha–1) were 16.7 and 
21.4 µg kg–1, respectively (LSD 5% level: 2.8). These changes 
could not be explained by changes in soil pH (e.g., Singh and 
Narwal, 1984), which was relatively constant (7.10 ± 0.12) 
throughout the experiment.
Soil organic matter (SOM) was also measured at both exper-
imental sites, but differences between control and treatments 
were not observed (P > 0.05). In Avenue field, mean SOM was 
higher at the end of the grass phase (≈4.25%) compared with 
pre-experiment levels or during the wheat phase (≈3.85%), 
respectively (LSD 5% level: 0.02). Qualitative assessment of 
changes in SOM fractions as affected by N fertilization also 
warrants investigation (e.g., Hoffmann et al., 2006).
disCussion
fertilizer application effects on Crop
The two main yield components in wheat are number and 
weight of grains (Slafer, 2003). Number of grains per m2 is fixed 
by the size of the canopy, and weight of grains is affected by 
crop × environment interactions postanthesis, which determine 
the rate and duration of the grain-filling phase (Slafer, 2007). In 
the absence of water stress, increased yield potential is positively Fig
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correlated with number of grains per m2 that result from increased 
number of grains per spike (Slafer and Andrade, 1993). Yield 
potential is also positively correlated with aboveground biomass 
(Foulkes et al., 2007) so that higher grain yields are realized in 
crops that accumulate greater biomass at maturity (Austin, 1982). 
Total aboveground biomass at maturity and TGW within this 
study showed differences between fertilizer treatments, which 
therefore explain differences in grain yield. Both yield components 
reflect crop’s sensitivity to management (fertilizer type and quality, 
timing of application) and environmental factors (spring rainfall). 
The critical period for determination of grain yield in wheat is 
before anthesis (Fischer, 2011). Under equal conditions of water 
and radiation (plus temperature), crop yield may be simplified to 
be a function of nutrients supply both from soil and applied fertil-
izer, particularly N. Nutritional stresses, such as suboptimal N 
supply, will affect survival of florets and consequently number of 
grains, but it will also affect radiation use efficiency due to reduced 
interception by crop biomass (Abbate et al., 1995). Differences in 
N supply between fertilizer types (Antille et al., 2014c) were in 
agreement with treatment effects on aboveground biomass and 
ears numbers (number of grains) thereby influencing grain yield. 
Fertilizer type and N rate effects on ears per m2 were observed in 
all seasons, with the exception of 2006–2007 (Avenue field) in 
which treatment effects were largely offset by application of UAN 
in early spring.
Grain yield and yield components increased in the order: 
biosolids > OMF10 > OMF15 > urea, which suggested sensi-
tivity of crop performance to the readily available N supply 
in the fertilizer used and the pattern of N release following 
soil application. Such a response also suggested that fertilizer 
N-related stresses prior to anthesis occurred to lesser extent in 
urea- and OMF- compared with biosolids-treated crop. This 
is because of faster N release and enhanced uptake in those 
treatments (Antille et al., 2013b, 2014a) following fertilizer 
application in spring, with subsequent N remobilization at 
later stages of crop development. Poorer physical properties 
of OMF15 compared to OMF10 in the batch applied in 2008 
also explain relative differences in use-efficiency between the 
two materials (Jensen and Pesek, 1962). Therefore, improved 
quality control is a key requirement for mechanized application 
of OMF, as fine particles (<1.00 mm) are often the fraction 
responsible for high coefficient of variation (CV) during broad-
cast spreading (Hoffmeister et al., 1964; Hofstee and Huisman, 
1990). Reduced fertilizer use efficiency and financial losses due 
to uneven fertilizer application become significant when CV 
exceeds about 10%, considered to be the target value for disc 
type spreaders (Miller et al., 2009).
Harvest indices of fertilized crops observed in these experi-
ments (range: 47.1–59.6%) were comparable to those reported 
in the literature (range: 49.0–53.9%) for other U.K. (e.g., White 
and Wilson, 2006) and international studies (e.g., Sinclair, 1998; 
Dai et al., 2016) using modern wheat cultivars. Seasonal effects 
of rainfall had a significant influence on harvest index due to 
the impact of drought (spring 2010) on ears per m2 (number of 
grains), but also because of shorter duration of the grain-filling 
phase that year. This latter effect explains significantly lower 
TGW (≈20%) in the 2010 harvest compared with previous years, 
which had more rainfall and cooler temperatures during June 
and July (Fig. 1). Drier soil conditions would also slow down Fig
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mineralization of organic N in the fertilizer applied thereby 
affecting the rate of nitrate-N supply to the crop to greater 
extent with biosolids than with OMF. Co-limitation of rainfall 
and N supply to the crop affected the AE of N applied as fertil-
izer and yield potential, also shown by other researchers (e.g., 
Slafer and Rawson, 1994; Sadras and Rodriguez, 2010). Larger 
accumulation of grain N in OMF15 and urea treatments (Fig. 5) 
was consistent with grain yield, harvest index, and NUE in 
those treatments. Increasing both grain yield and harvest index 
without compromising N content in grain requires a concurrent 
increase in crop-N accumulation (Sinclair, 1998). For OMF, 
AE and grain-N recoveries were also higher than those reported 
in the literature for biosolids N (e.g., Barbarick and Ippolito, 
2000). For urea N, such values were within the range or higher 
compared with synthetic N fertilizers applied at similar rates 
(≤300 kg ha–1) in spring to winter wheat crops in England (e.g., 
Macdonald et al., 1997; Sylvester-Bradley et al., 2014).
Linear relationships between grain-N content and N applica-
tion rate were also reported by Benzian and Lane (1979, 1981) 
from long-term studies in Southeast England, albeit over a 
lower range of N application rates (≤175 kg ha–1) and after 
excluding data denoting dilution effects at very small applica-
tions of N. Grain-N contents observed within this study were 
lower than the 2% target value recommended for British feed-
wheat varieties (DEFRA, 2010). This reflects difficulties in 
simultaneously increasing N recovery in grain and grain yield 
(Barraclough et al., 2010), particularly for single N applica-
tions. High levels of grain yield (e.g., first wheat crops, this 
study) are known to dilute N concentration in grain (Benzian 
et al., 1983). Environmental factors greatly influencing pre-
anthesis accumulation of N (e.g., drought during spring of 
second wheat crops) and subsequent remobilization of N as 
the crop approaches the grain-filling phase (Gaju et al., 2014) 
may also explain lower grain N than that recommended for 
British feed- wheat. The linear relationships described above 
indicated that on average about 40 kg ha–1 N added are needed 
to increase grain-N concentrations by ≈0.07% with OMF and 
urea, and by ≈0.05% with biosolids. These responses were lower 
than that reported in Benzian et al. (1983) from experiments 
in England and Belgium, which showed ≈40 kg of added N 
needed to increase grain-N concentrations by 0.1% for N appli-
cation rates up to 200 kg ha–1 using synthetic N fertilizers.
fertilizer nitrogen Management
Current agronomic recommendations for winter wheat 
(DEFRA, 2010) suggest that an application of N fertilizer at 
rates ≥120 kg ha–1 is split into two dressings: at tillering (late 
February–mid-March), and the balance during early stem exten-
sion, typically early April (crop stages 30–31). When the balance 
is ≥120 kg ha–1 N, this needs to be split into two applications, as 
follows: ≈50% in early stem extension, and the remaining amount 
approximately 2 wk later (crop stage 32), but not after early May. 
These recommendations should be also observed when OMF is 
used in winter wheat production under the U.K. conditions. The 
MERN calculations (Table 5) showed that, on average, optimum 
fertilizer-N rates were between 225 and 260 kg ha–1, depending 
on fertilizer type. For urea, average MERN was in agreement 
with the range reported in Welsh et al. (2003) for ammonium 
nitrate (200–250 kg ha–1 N), although derived from lower price 
ratios (PR ≈3 to 4) as recorded in the early 2000s (James and 
Godwin, 2003). Based on yield-to-N responses in the first season 
(2006–2007), the logistics of applying a mineral N source as 
the first and OMF as the second fertilizer application should be 
considered. A readily available N fertilizer source applied at til-
lering would increase leaf area index required to maximize light 
interception and yield (Abbate et al., 1995). Thus, it is suggested 
that 40 to 50% of the full (MERN) rate is applied at tillering 
(first application) using a straight N source and the remaining 50 
to 60% as the second application using OMF, approximately 30 d 
later. Given that grain-N contents were below target in all crops, 
a further N application may be required. This may be with foliar 
urea or UAN at milk development (growth stage 71–75) not later 
Fig.	9.	Fertilizer	effects	on	soil	extractable	K	(Avenue	field)	after	2	yr	of	growing	wheat	(2006–2007,	2007–2008)	followed	by	2	yr	of	
growing	ryegrass	(2009–2010).	Error	bars	denote	standard	deviation	of	means,	n	=	3	(except	n	=	4	for	control,	and	pre-experiment	levels,	
n	=	2	when	N	=	250	kg	ha–1	).	Use	P	>	0.05	(Control	vs.	Treatments),	P	<	0.05	(Treatments,	Fertilizer	rate).
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than early July, or solid N applied to soil when flag leaf is visible 
(growth stage 37) around late May to early June (Tottman et al., 
1979). This latter option may have an effect on grain yield pro-
vided rainfall was not limiting. These recommendations require 
validation from longer-term studies.
fertilizer application effects on soil
A build-up of total N in soil (TN) was found in fertilized 
compared to non-fertilized soil, which was dependent on fertil-
izer type and rate. This observation was consistent with data 
derived from long-term N fertilization experiments on winter 
wheat (e.g., Halvorson et al., 1999). In cereal cropping systems 
in which crop residues are returned to soil, SOC and TN in soil 
often correlate well with aboveground biomass production (Blair 
et al., 2006). Total aboveground biomass within this study was 
positively correlated with fertilizer rate and crop residues would 
be incorporated through tillage (≈150-mm deep) or left on the 
surface in the wheat and grass phases, respectively, which there-
fore support the above observations. The fertilizer type effect 
showed that TN in soil generally increased in the order: biosolids 
granules > OMF > urea, and was consistent with previous OMF 
studies in the glasshouse (Antille et al., 2014a). The degree of sta-
bilization of organic-N fractions in biosolids and OMF coupled 
with lower N recovery in the crop compared with urea (Fig. 4 
and 6) explains this effect, and agrees with observations made in 
similar studies (e.g., Tejada et al., 2002; Rigby et al., 2016).
The establishment of grass leys is known to be effective in 
restoring SOM levels following long-term arable rotation (Fullen 
and Booth, 2006). This explains higher SOM and similar TN 
levels in control and treatments in Avenue field after the grass 
phase. Following soil application, OMF requires an accumulated 
thermal time of ≈2500 degree-days to mineralize approximately 
70 to 80% of total OMF N (Antille et al., 2014c). Relatively slow 
N release from OMF suggests sustained N uptake by the crop 
during the growing season, and explains consistently low SMN 
recorded after the harvest of wheat, except when N uptake was 
restricted by rainfall as highlighted for the 2009–2010 season.
A small increase in soil extractable P was observed in biosol-
ids-treated plots, but changed little in OMF-treated plots and 
declined a little where urea was used. These observations: (i) 
support the rationale behind the proposed OMF formulations, 
that was, to ensure that soil application of OMF would replen-
ish, but not exceed P offtake by crops when applied at the opti-
mum N rate (Antille, 2011; Antille et al., 2013c); (ii) reinforce 
the requirement for balanced fertilizer’s N/P ratio, particularly 
when OMF applications are based on crop N requirements and 
to soils with already satisfactory P status; and (iii) confirm the 
original hypothesis that soil application of OMF would have 
little effect on soil extractable P.
While acknowledging that P fertilization in soils with satisfac-
tory P status (Olsen P ≥ 25 mg L–1 or ≥ Index 3) may be omitted in 
some years (Shober and Sims, 2003; DEFRA, 2010; Poulton et al., 
2013), soil application of OMF in these circumstances may be still 
technically viable provided crop P requirements over the rotation 
cycle are not exceeded. The OMF15 formulation is more suitable 
than OMF10 for high P Index soil because of relatively wider N/P 
ratio. A straight N source may be used as part of the fertilization 
strategy to supply the balance of N when crop P requirements were 
to be met with OMF. High P Index soils (e.g., ≥3) are common in 
areas near wastewater treatment sites (Skinner and Todd, 1998; 
Oliver et al., 2006) because of historical large applications of sludge. 
In those soils care must be exercised not to apply OMF if there was 
an inherent risk of P transfer to water courses such as in eroded soil, 
in runoff or through drainage, and within hydrologically connected 
areas. This observation is consistent with studies dealing with land 
application of biosolids (e.g., Pote et al., 1996; Haygarth et al., 1999; 
Elliott et al., 2005). Despite this, dissolved reactive phosphorus 
(DRP) concentrations in runoff are dependent on techniques used 
for P removal during the wastewater treatment process (Sibbesen 
and Sharpley, 1997). For example, the risk of increased DRP in run-
off may be lower if P removal was chemical (e.g., precipitation with 
Fe) rather than biological (Penn and Sims, 2002). Biosolids used to 
produce OMF for this study had undergone chemical treatment. 
Precipitation of P with FeCl3 produces Fe-phosphate compounds, 
which have low phytoavailability (Hogan et al., 2001; O’Connor 
et al., 2004). An earlier study by Antille et al. (2014b) showed 
that relative extractability (Leytem et al., 2004) of OMF P was 
between 3 and 12%, which suggested only a small proportion of 
total P applied as OMF is released in plant-available form (Olsen P) 
within the first season. The remaining OMF P may be released over 
several years following soil application, as shown in related studies 
involving biosolids P (e.g., Kelling et al., 1977; Vaneeckhaute et al., 
2016). The slow release rate of OMF P may provide greater oppor-
tunities for improved crop uptake. Due to the crop response and 
soil behavior of OMF, growers in areas near production sites may 
be able to meet nutrient requirements of crops with relatively less 
reliance on synthetic N fertilizers. This may also assist the wastewa-
ter industry in meeting recycling targets within the existing land 
bank. Improved application techniques (e.g., soil incorporation for 
in-crop season application) will mitigate environmental concerns 
(e.g., runoff, gaseous emissions), and enhance nutrient use efficiency.
Soil incorporation of winter wheat stubbles after harvest main-
tained soil extractable K levels in urea- and biosolids-treated plots. 
Increased soil extractable K within OMF plots with 250 kg ha–1 
N suggested that K was applied in excess of crop requirements. 
There was an overall decline in soil K Index after growing grass 
for 2 yr from K Index 3 to 2+. The greater uptake of K where N is 
applied (Talibudeen et al., 1976) explains the lower soil K levels 
at the highest N rate used (Fig. 9) as well as improved fertilizer-N 
response in OMF and urea treatments compared with biosolids. 
Adequate supply of K and maintenance of soil extractable K are 
known to enhance fertilizer-N uptake and use efficiency (Aulakh 
and Malhi, 2005). Replacement of K offtake may not be sufficient 
to prevent long-term decline of soil extractable K and therefore 
additional K inputs may be needed (Heming, 2004), particularly 
in lighter soils (Arnold and Shepherd, 1990), and when rotations 
include both arable and grass crops (Andrist-Rangel et al., 2007). 
Fertilization with complex and compound fertilizers has shown 
enhanced nutrient uptake and increased crop yield compared with 
blended fertilizers (e.g., Schoeningh, 1994). This suggests that 
OMFs, as used in this study, may have a better AE than materials 
produced by blending biosolids granules and mineral fertilizers 
with similar N/P/K ratios (e.g., Smith et al., 2015). Conversion of 
biosolids granules into compound NPK fertilizers is also preferred 
to blended materials to minimize adverse effects on crops derived 
from particle segregation during handling and spreading (e.g., 
Jensen and Pesek, 1962).
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Heavy metal contents in biosolids granules and OMF were 
below recommended limit values given in the Sewage Sludge 
Directive 86/278/EEC (Council of European Communities, 
1986). For sludge intended for use in agriculture, Directive 
86/278/EEC suggests the following limits: <40 (Cd), <1750 
(Cu), <1200 (Pb), and <4000 (Zn) mg kg–1 (dry solids), respec-
tively (Council of European Communities, 1986). This com-
pares with: 0.98 to 1.20 (Cd), 264 to 329 (Cu), 90 to 113 (Pb), 
and 422 to 493 (Zn) mg kg–1 (dry solids) in the materials used in 
this study (Antille et al., 2013c). These values were also in com-
pliance with the U.K. Sludge (Use in Agriculture) Regulations 
1989 (Statutory Instrument No.: 1263). Concentrations of all 
four measured heavy metals in soil were well below permissible 
concentrations outlined in the Revised Soil Code (MAFF, 1998) 
while input rates of heavy metals to soil in biosolids and OMF 
were also lower than maximum permitted rates of application 
(Nicholson et al., 2003). Based on this dataset, soil application 
of OMF does not pose a significant threat to the environment 
in regards to potential accumulation of heavy metals in soil and 
increased risk of transfer to the food change via crop uptake. 
However, further assessments would be required if fertilizer-
induced changes (decrease) in soil pH were observed in the lon-
ger term because of associated effects on heavy metals availability 
in soil. Although soil pH remained near neutrality throughout 
the experiment, this is an important consideration given poten-
tial risk of soil acidification from long-term use of urea-based 
fertilizers (Bouman et al., 1995). Risk assessment frameworks 
for heavy metals relevant to land application of biosolids under 
northern European conditions have been developed (e.g., Clarke 
et al., 2016), and may be adopted to guide decision-making about 
using OMF in crop production.
economic Considerations
Global demand for fertilizers (primary nutrients) is esti-
mated to grow at ≈2% per year from 2014 to 2020 (FAO, 
2015). Although global shortages of fertilizer during that 
period are unlikely, deficits in N and phosphate may be 
expected in western Europe (FAO, 2015). Consequently, reli-
ance on imports for these nutrients could drive fertilizer prices 
upward. To some extent, volatility in fertilizer (and energy) 
prices, as shown by record price levels seen in 2008 (e.g., urea 
N: ≈GBP1 per kg, triple superphosphate: ≈GBP690 per 
t) (Prince et al., 2009), encouraged growers to look toward 
organic materials to meet crop nutrient requirements and 
maintain soil fertility. Such a context provides opportunities 
for OMF to increase or maintain profit margins by means of 
reduced fertilizer input costs.
An earlier work by Antille (2011) showed that if OMF was 
priced at ≈GBP0.15 per kg N the gross margin of winter cereal 
crops treated with OMF would be approximately equal to that 
of a crop treated with urea, provided both fertilizer materials 
were applied at the optimum N rate. The analysis conducted in 
that previous study accounted for increased cost of field applica-
tion of OMF compared with urea that results from the relative 
concentrations of N in the two materials. If OMF was to be 
priced at the equivalent price of urea N, the wastewater industry 
would have to subsidize the product to compensate for the loss of 
income (yield penalty) relative to that typically perceived with a 
synthetic N source. Given the assumptions made in the analyses 
(Antille, 2011) it would be still an economic proposition for the 
wastewater industry to do this when compared with the costs 
of other disposal options (e.g., landfill, incineration). On aver-
age, application of biosolids granules resulted in lower YMERN 
compared with OMF even though the price of biosolids N was 
considered to be zero. Lower YMERN coupled with increased 
cost of spreading of biosolids (by ≈40–50%) would have a nega-
tive impact on crop’s gross margin, which in the study of Antille 
(2011) was estimated to be up to 13 and 29% lower than OMF 
and urea, respectively. Handling and spreading of a bulkier mate-
rial such as biosolids also have implications on field-operating 
efficiency. This is an important practical consideration in situa-
tions where the window available for spreading of N is relatively 
narrow due to restricted field access in early spring (e.g., traffic-
ability, weather conditions), which may affect timing of applica-
tion and therefore fertilizer use efficiency.
ConClusions
The main conclusions derived from this research are:
1. Average grain yields of winter wheat treated with OMF 
were up to 25% higher than with biosolids granules (sewage 
sludge alone), but 20% lower than with urea. Differences in 
grain yield and yield-to-N responses between treatments were 
due to relative patterns of N release from fertilizer applied to 
soil influencing N uptake, biomass accumulation, and partition-
ing. These observations confirmed the hypothesis which these 
experiments tested and were consistent with all measurements of 
crop yield components,
2. The agronomic performance of winter wheat treated with 
OMF may be optimized by applying a straight N fertilizer source 
as the first and OMF as the second fertilizer application, respec-
tively. Thus, the full fertilizer rate required for the crop should 
be split into 40 to 50% in the first application using straight N, 
and the balance with OMF in the second. Nitrogen application 
timings need to be consistent with current agronomic guidelines 
(DEFRA, 2010). The OMF alone applied at the optimum rate 
(≈250 kg ha–1 N) is a more reliable source of N than biosolids 
granules due to reduced inter-annual variability in grain yield, 
improved N uptake, and N recovery in grain. Strategies for 
improved NUE with OMF include: optimization of particle size 
and size distribution, improved uniformity of distribution dur-
ing field spreading, and correct timing of application,
3. Extractable P increased a little in biosolids- and decreased 
in urea-treated soils, respectively. For OMF, changes in soil 
extractable P and soil P Index were not significant. Thus, OMF 
P replaced, approximately, P offtake by the crop, which supports 
the choice of the proposed OMF formulations. Soil K Index was 
maintained when wheat was grown, but declined from 3 to 2+ 
following growing grass for 2 yr. Due to the influence of K on 
NUE, additional application of K fertilizer may be required to 
maintain an appropriate soil K Index under grass. Therefore, the 
hypothesis that K levels would be maintained in soils fertilized 
with OMF was true for cereal, but not for grass cropping. Heavy 
metals in soil were below permissible concentrations in all treat-
ments, and therefore there appears to be no risk of soil accumula-
tion or transfer to the food chain due to crop uptake,
4. Conversion of sludge, largely regarded as waste, into value-
added OMFs offers advantages such as increased opportunities 
to meet long-term recycling targets in areas near wastewater 
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treatment works at potentially lower cost compared with other 
disposal options. Growers located in those areas may apply 
OMF to meet N requirements of crops, and maintain overall 
fertility of soils, but without significant impacts on available 
forms of soil P. Such a development will enable improved 
resource use efficiency and will likely deliver tangible benefits 
both to growers and the wastewater industry. The coating tech-
nique for OMF is a key aspect of this development allowing for 
consistent fertilizer materials to be produced from sludge by 
adjusting N/P/K ratios to meet specific requirements for crop 
and soil. This also enables some of the limitations encountered 
with biosolids to be overcome thereby contributing to mini-
mize environmental concerns and secure the agricultural route 
for recycling. From this, there appears to be potential for fur-
ther development of OMF products.
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